Heavy Fermion Behaviors in LiV2 04 
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Experiments ol various types on the metallic transition metal oxide compound LiV2 04 with the 
fee normal-spinel structure are reviewed. The low-temperature T < lOK data consistently in- 
dicate heavy fermion (HF) behaviors characteristic of those of the heaviest-mass /-electron HF 
compounds. A crossover is observed above ~ 50K in the magnetic susceptibility, ^Li spin-lattice 
relaxation rate and neutron magnetic scattering function to a magnetic state variously described 
as an antiferromagnetically-coupled local-moment metal or, at the opposite extreme, as an itiner- 
ant nearly-ferromagnetic metal. Recent theoretical investigations to understand these properties of 
LiV204 are discussed. 
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I. INTRODUCTION 

The phenomenology of heavy fermion (HF) behaviors 
in systems containing nearly localized /-electron lan- 
thanide and actinide atoms is by now well-developed. 
These include /-electron intermetallics with heavy Fermi 
liquid ground states |I| or non- Fermi liquid ground states 
H. The HF /-electron compounds (e.g., CeAla, UPta) 
have enormous electronic specific heat coefhcients 7(T) = 
Ce(T)/r ~ IJ/molK^, where C^{T) is the temperature 
T dependent electronic specific heat, from which quasi- 
particle effective masses of several hundred times the free 
electron mass have been inferred. In such systems a high 
and narrow (~ lOmeV) peak occurs at low T in the 
quasiparticle density of states T) near the Fermi energy 
Ep, a many-body effect [|l[. The large Vi^Ep) is reflected 
in a large nearly T-independent magnetic spin suscep- 
tibility ;i^''P'" and 7 compared with the respective pre- 
dictions of conventional band structure calculations [Q. 
The normalized ratio of these two quantities, the Wil- 
son ratio Rw, is on the order of unity as in conventional 
metals, where for spin S = 1/2 quasiparticles this ratio 
is Rw = tt^/c^x'^'^^/Sa^sT, ks is Boltzmann's constant 
and ^B is the Bohr magneton. However, at higher T the 
^^{E) peak height decreases strongly |jl|, on the scale of 
a low characteristic temperature ~ 1-100 K. This results 
in a corresponding strong decrease in 7 and ^^'^p'" with T. 
HF behaviors are not expected for d-electron compounds 
because of the much larger spatial extent of d orbitals 
than of / orbitals and the resulting stronger hybridiza- 
tion with conduction electron states. Recently, however, 
HF behaviors, characteristic of those of the heaviest mass 
/-electron HF systems, have been found Q in the metal- 
lic y transition metal oxide compound LiV204. 

LiV2 04 has the face-centered-cubic normal-spinel 
structure (space group Fd3m) g, and is formally a d^-^ 
system. The Li atoms occupy tetrahedral holes and the 
V atoms octahedral holes in a nearly cubic-close-packed 
oxygen sublattice. All V atoms and sets of any chosen 



clusters of V atoms in LiV204 are respectively crystal- 
lographically equivalent. This crystallographic feature, 
together with the non-integral oxidation state of the V 
atoms, result in metallic character simply due to sym- 
metry considerations. Since the structure remains undis- 
torted down to low (4K) T [||^, the compound must 
remain metallic upon cooling to such temperatures. To 
our knowledge, the only other spinel-structure transi- 
tion metal oxide which remains metallic to low T is 
isostructural LiTi2 04, which is a superconductor below 
Tc < 13.7 K [Q. On the other hand, the magnetic suscep- 
tibility x{T) (4.2-308 K) of LiV204 was initially found 
to be the sum of a T-independent term and a Curie- 
Weiss term C/{T — 9) due to local V magnetic moments 
H. The Curie constant C is consistent with a V^"* spin 
S — 1/2 with 5-factor 2.23, suggesting that one of the 
1.5 d-electrons/V atom is (nearly) localized on the atom. 
The negative Weiss temperature 6* = — 63K indicates an- 
tiferromagnetic (AF) V spin interactions, and the anoma- 
lously large (7-factor suggests ferromagnetic interactions 
between the local moments and the conduction electrons 
0. No evidence for magnetic ordering above 4.2 K was 
found. The local moment behavior strongly contrasts 
with the relatively T-independent Pauli paramagnetism 

of LiTi204 §. 

The metallic character of LiV2 04 together with the 
above evidence for local moment magnetism motivated 
the experiments which led to the discovery g of HF be- 
haviors in this compound. In particular, we reasoned that 
due to the geometric frustration for AF ordering inherent 
in the V sublattice of the structure, perhaps long-range 
magnetic ordering would be completely suppressed. In 
this case, a potentially interesting and unusual ground 
state would be expected. In the following section, the 
experimental results which have established the HF char- 
acter of LiV204 at low T, and a crossover to a different 
magnetic state above ~ 50 K, will be reviewed. Then 
recent theoretical studies to understand these behaviors 
will be briefly discussed followed by concluding remarks. 



II. REVIEW OF EXPERIMENTAL RESULTS 

When screening materials for HF behaviors, the initial 
experiments are usually specific heat at constant pressure 
Cp(r) and x{T) measurements, and also resistivity p{T) 
measurements. In the case of LiV204, single crystals 
were not initially available and p{T) measurements on 
polycrystalline oxides are notoriously unreliable quanti- 
tatively. Before beginning detailed x{T) and Cp{T) mea- 
surements, we needed to confirm that the Curie- Weiss 
x(T) behavior cited above, which was observed from 
300 K down to 4K, was intrinsic to the material. After 
an extensive synthesis effort to reduce the concentration 
of paramagnetic defects, we found that it was not. The 
x{T) does show a Curie- Weiss-like behavior from 400 K 
down to ^ 50 K, with C and 9 parameters similar to those 
cited above, but the intrinsic xC^) '^as found to level oflF 
below 30 K, showing a weak broad maximum at « 16 K 
[^,0. This intrinsic behavior of high magnetic-purity 
samples was found independently by two other groups 
[^,Q. Zero- field-cooled and field-cooled magnetization 
M measurements in low (~ 100 G) magnetic fields H 
showed no hysteresis above 2 K, indicating that the broad 
peak in x(r) is not due to static short-range spin-glass 
ordering ||3|,|l0|. Positive muon spin rotation/relaxation 
/iSR measurements on one of the highest purity polycrys- 
talline samples showed no evidence for static magnetic 
ordering above 0.02 K ||]. A sample with a significantly 
higher magnetic impurity level showed static spin-glass- 
type ordering at about 0.8 K. p{T) measurements on a 
polycrystalline pellet down to 0.01 K showed no evidence 
for superconductivity p]. 

Cp(T) measurements have been carried out on a vari- 
ety of polycrystalline LiV204 samples P,p^. The highest 
magnetic purity samples, which have magnetic impurity 
concentrations corresponding to less than 0.1mol% of 
S = 1/2 impurities, yielded 7(1 K)« 0.42-0.43 J/molK^, 
which is the largest value observed for any metallic non- 
magnetic d-metal compound. The effective mass of the 
quasiparticles, assuming a single spherical band model 
and a carrier concentration of 1.5 electrons/V atom, is 
about 180 free electron masses. The Wilson ratio is 
Rw ~ 1-7 assuming quasiparticles with S = 1/2 and 
g f^ 2. These results are consistent with a heavy Fermi 
liquid picture at low T. The Ce{T) was determined by 
subtracting the lattice specific heat contribution (that 
determined for LiTi204) from Cp(T). 7(T) decreases 
rapidly with T up to « 30K, then decreases much more 
slowly up to 108 K. Cp{T) measurements on single crys- 
tals confirmed the above low-T behavior |Q. Polycrys- 
talline samples with significantly larger magnetic impu- 
rity concentrations showed an increase in Cp (T) with de- 
creasing T below 4K y,|l^ instead of leveling off with 
decreasing T as in the purest samples. 

The linear thermal expansion coefficient a{T) of 



LiV204 was first measured using high resolution neu- 
tron diffraction from room temperature to 4 K . These 
measurements showed normal behavior above 60 K, but 
below this temperature a{T) became nearly indepen- 
dent of T, and then below 20 K a(T) strongly increased 
again with decreasing T down to 4K. The low-T re- 
sults are qualitatively as expected on the basis of the 
known /-electron HF phenomenology. High resolution 
a{T) measurments were subsequently carried out us- 
ing differential capacitance dilatometry [n3| which con- 
firmed the neutron diffraction results. From the a{T) and 
Cp (T) data on the same sample, the Griineisen parameter 
r(r) ~ a(T)/Cp{T) was determined from 4K to 108 K 
[Ij. At the lowest T, the lattice contribution to r(r) 
becomes negligible compared to the electronic contribu- 
tion rc(r). The r(T) increases rapidly with decreasing 
T below « 20 K, extrapolating to re(0) « 11.4, which 
is intermediate between those of conventional nonmag- 
netic metals and /-electron HF compounds. Thus these 
measurements have identified two additional thermody- 
namic quantities in LiV2 04, the electronic contribution 
to the thermal expansion coefficient and the electronic 
Griineisen parameter, which have T dependences similar 
to those in heavy-mass /-electron HF compounds. 

The spin dynamics in LiV204 has been investigated 
using ''Li nuclear magnetic resonance (NMR) measure- 
ments P,0,n3,n6[. The spin-lattice relaxation rate 
l/Ti{T) shows a broad maximum at 30-50 K and be- 
comes nearly independent of T from 500 K to 800 K. 
These high-T data above 50 K were interpreted by one 
group as indicating that at high T, LiV2 04 is a nearly fer- 
romagnetic metal [15|, whereas another group including 
the present author interpreted the data as indicating that 
this compound is at the opposite end of the localized- 
itinerant magnetism spectrum, namely a metal contain- 
ing nearly localized magnetic moments |l^. A study of 
l/Ti{T) from 1.5 K to 4.2 K for five samples with differ- 
ent magnetic impurity concentrations showed a robust 
proportional dependence of 1/Ti on T |3|,[l6|]. The slope 
for the purest samples, 1/TiT « 2.25sec^^K^^, is about 
4100 times greater than in LiTi204, consistent with a HF 
interpretation. The Korringa ratio, Rk ~ K^TiT / Su 
where K is the Knight shift and Su is a constant, was 
found in this T range to be about 0.6, i.e. on the order 
of unity as expected for a Fermi liquid. 

The spin dynamics has also been investigated us- 
ing quasielastic neutron scattering measurements on a 
polycrystalline sample of LiV204 [0|. The quasielas- 
tic linewidth F at 15 K was found to be independent 
of scattering wavevector, with a finite magnitude for 
T — !■ 0. With increasing T, F first showed a minimum at 
about 10 K, then increased approximately as VT. These 
are characteristic features of conventional /-electron HF 
compounds. Above ~ 40K, a dramatic crossover in the 
dynamical structure factor S{Q,lu) was found, indicative 
of a different type of metallic state which the authors 



interpreted as a possible nearly ferromagnetic metal, in 
agreement with the conclusion of Ref. ||l^ . 

Single-crystal p{T) and Hall effect measurements have 
been carried out to low (0.3 K) temperatures jlj]. The 
p{T) data show a T^ dependence at low T, with a large 
coefficient, as expected for a HF Fermi liquid. 

High- field M[H) measurements on high-purity poly- 
crystalline LiV204 were performed in static H up to 20 T 
and in pulsed iJ up to 60T |l|. From 0.6 K to 50 K, 
M oc i? up to about 17 T, with a slope vs T in agree- 
ment with the x{T) data. Upon further increasing H at 
0.6 K, M{H) shows positive curvature and then a sharp 
inflection point at 7?c = 42 T suggestive of a phase tran- 
sition. At even higher fields, i/ > 50T, M{H) exhibits 
a plateau with M k, 0.6 /xb/V atom. This M is less than 
the d} local- moment value of « I/hb/V atom. 

Characteristic temperatures T* associated with the 
various HF behaviors in LiV2 04 can be obtained from 
the respective measurements discussed above. The p{T) 
data for single crystals Q exhibit a smooth but pro- 
nounced downturn upon cooling below T* « 30 K. The 
smooth maximum in x(^) occurs at T* « 16 K p,pi)[. 
An analysis of the Ce{T) data in terms of the single- 
ion Kondo model leads to T* = 26 AK |,|3|. Similarly, 
the entropy relation -/(T = 1K)T* = 2i?ln2 {R is the 
molar gas constant and the prefactor of 2 comes from 
2 V atoms per formula unit) yields T* = 27 K. Strong 
upturns with decreasing T in 7(T), a(T)/T and in the 
electronic Griineisen parameter occur below T* = 20- 
30 K 1^,0. Equating the magnetic field energy ^b^c 
at the inflection field He in the high- field M{H) mea- 
surements at 0.6 K with k^T* gives T* = 28K ||l|]. In 
contrast to the above values of T* , from the quasielastic 
neutron scattering measurements a much lower Kondo- 
lattice temperature T* « 5-10 K has been inferred [|l7|l. 



III. RECENT THEORY 

In an ionic picture, the five-fold 3d orbital degeneracy 
of the isolated V atom is lifted in LiV2 04 due to the 
nearly cubic crystalline electric field (CEF) seen by the V 
atoms, yielding a ground triply-degenerate t2g manifold 
and an excited doubly-degenerate eg manifold separated 
by ~ 2eV. The slight trigonal distortion of the cubic 
CEF in the actual structure slightly splits the ground t2g 
triplet into an Eg doublet and an Aig singlet. 

Four LDA band structure calculations have been re- 
ported for LiV2 04 M-GS]. The calculations consistently 
show a metallic ground state. The ionic picture just de- 
scribed is strongly reflected in the band structure. Ep 
lies within bands derived from the t2g orbitals; these 
bands are separated from those derived from the eg or- 
bitals by an energy of w 1 eV. The O 2s and 2p bands 
are filled, lying below the t2g bands, whereas the Li 
2s bands far above E-p are empty, consistent with a 



—2 oxidation state of O and a -f 1 oxidation state of 
Li in the ionic picture. The slight splitting of the Eg- 
and Aig-derived bands is not readily discernable in the 
band calculations. From the band calculations p0| , p2[ , 
the 'D{Ef) ~ 7.2 states/eV formula unit is about a factor 
of 25 smaller that the experimental value inferred from 
Cp(T) at low T, indicating that electron correlation ef- 
fects are important in LiV204. 

Electron correlation effects have been discussed using 
several ideas and approaches. For example, Eyert et al. 
p9| favor a model in which the geometric frustration for 
AF ordering of local V moments leads to a large enhance- 
ment of spin fluctuations at low T, in turn resulting in 
heavy-mass quasiparticles. This is a very different pic- 
ture than for conventional /-electron HF compounds, in 
which hybridization of local-moment orbitals with those 
of the conduction electrons lead to mass enhancement 
via a many-body effect. Anisimov et al. pi| have in- 
vestigated a model ||l^,|l^,|l^ of the latter type in which 
one of the 1.5 d-electrons/V atom is localized in the Aig 
orbital due to electron correlation effects, with the re- 
maining 0.5 d-electron/V atom being itinerant in broad 
iJg-derived bands, leading to the observed metallic char- 
acter. In such a model, ferromagnetic double exchange 
between the local moments would be important and the 
outstanding question would then be why LiV204 is not 
a metallic ferromagnet at low T [pl^,p3| . Anisimov et al. 
found that within the LDA4-U approach one electron is 
indeed localized in an Aig orbital on each V atom. The 
effects of double exchange were found to be largely can- 
celed by an off-site AF Kondo-like exchange. They solved 
an effective Anderson impurity model, which when com- 
bined with the "exhaustion phenomenon" of Nosieres, led 
to a Kondo lattice model with a coherence temperature 
T* comparable to the experimental values. 

Much progress has been made theoretically to under- 
stand the properties of LiV2 04. Quantitative calcula- 
tions of the T dependences of physical observables and 
comparisons with experimental results will ultimately de- 
termine which of the current views of electron correlation 
effects in LiV2 04 are most appropriate. 



IV. CONCLUDING REMARKS 

In this review we have referred always to heavy Fermi 
liquid behaviors of LiV2 04 at low T, i.e. within the T 
ranges of the various measurements, and not to a heavy 
Fermi liquid ground state. It is of course possible that 
the intrinsic ground state is not a Fermi liquid. 

There is no theoretical consensus yet about the mech- 
anism(s) for the low-T HF behaviors of LiV204. In ad- 
dition, a theoretical description of the crossover to the 
high-T behaviors starting at 30-50 K remains to be given. 
The origin of the high-T behaviors themselves remains to 
be clarified, in particular whether this compound should 



be more appropriately thought of at high temperatures as 
being an itinerant nearly ferromagnetic metal or a metal 
containing nearly localized magnetic moments. These 
states lie at opposite ends of the localized vs itinerant 
magnetism spectrum. Perhaps the correct view is some- 
where in between. 

Several features of LiV2 04, some of which were dis- 
cussed above, may be involved in the mechanism for the 
HF behaviors at low T . First, in a local moment model, 
geometric frustration for AF ordering is present in the 
V atom substructure which would be expected to sup- 
press static magnetic ordering. Second, the same three 
t2g orbitals give rise to the combined metallic and local 
moment behaviors at high T and the HF behaviors at 
low T. This is in strong contrast to /-electron HF com- 
pounds where the nearly-localized / orbitals are clearly 
distinguished from the strongly delocalized s, p and/or 
d conduction band states. Third, due to the high sym- 
metry of the V sites, two of the three partially filled t2g 
orbitals are strictly degenerate from symmetry considera- 
tions and are nearly degenerate with the third, so dynam- 
ical orbital ordering and the charge degrees of freedom 
may be expected to be important. Finally, because the 
spin interactions between neighboring V atoms strongly 
depend on which of the respective d-orbitals are occu- 
pied, the spin degrees of freedom would be expected to be 
strongly coupled with dynamical orbital ordering. Thus 
the observed low-T HF behaviors may involve coupled 
dynamical charge, orbital and spin correlations, which 
may all be affected by the geometric frustration for AF 
ordering. This is a complex scenario difficult to treat 
theoretically. 

The physical properties of LiV204 are very different 
from those of LiTi2 04, an isostructural superconductor 
with a conventional d-band 'D{E-p). The LDA band struc- 
tures of both compounds are very similar. A success- 
ful theoretical framework to explain the low- and high-T 
physical properties of the d}'^ compound LiV204 must 
also be able to explain why these properties are so diver- 
gent from those of the d^-^ compound LiTi204. A be- 
ginning has been made by Varma [p3| and implicitly as 
discussed in the previous section. A successful framework 
will lead to deeper understanding of metallic transition 
metal oxides generally and perhaps also of the /-electron 
class of heavy fermion compounds. 
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